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Abstract
A quantum-mechanical study of the predissociation of H2O
+(B˜ 2B2) is carried out
by using wave packet propagations on ab initio potential energy surfaces connected by
nonadiabatic couplings. The simulations show that within the first 30 fs, 80% of the
initial wave packet is transferred from the B˜ 2B2 to the A˜
2A1 electronic state through a
conical intersection. A much slower transfer (in the ps timescale) from the A˜ 2A1 to the
X˜
2B1 state due to a Renner-Teller coupling determines the fragmentation branching
ratios, which are in accordance with the experimental measurements.
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The ionization of water molecules and the ensuing fragmentation, which yields the singly
charged ions H+, OH+ and O+, are relevant processes in several fields. In astrophysics,
for example, the water cation has been detected in the interstellar medium,1,2 molecular
clouds, planetary atmospheres and cometary comae;3 the breakdown of the water cation
takes place in the atmospheres of icy moons.4 The ionization of H2O is also a primary
reaction in radiation-induced damage of biological systems. In particular, high energy ions
(H+ or C6+), used in ion-beam-cancer therapy ionize the water molecules of the cytoplasm,
yielding electrons, radicals and ions, which interact with the DNA in secondary processes.
In this context, several works5–7 have estimated the branching ratios for production of the
cations H2O
+, H+, OH+ and O+ in ion–H2O collisions by combining the experimental H2O
+
breakdown probabilities8 with theoretical calculations of single-electron removal from H2O.
The good agreement between these semiempirical results and the experiments9–12 indicates
that the ions H+, OH+ and O+ are formed through a two-step mechanism that involves the
ionization of H2O followed by the post-collisional fragmentation of H2O
+.
The fragmentation mechanism of H2O
+ has been studied in several publications. Early
theoretical and experimental works13–15 showed that the photoionization of water with pho-
tons of energy lower than 21.2 eV leads to the population of the electronic states X˜ 2B1,
A˜ 2A1 and B˜
2B2 of H2O
+. The energies of the vibronic states formed by vertical ionization
into X˜ and A˜ electronic states lie below the dissociation threshold, while vibrational states
with energies above the dissociation channels H(1s)+OH+(X3Σ−) and H++OH(X2Π) can
be populated in the ionization into the B˜ state. The dissociation of H2O
+(B˜ 2B2) leading to
H(1s)+OH+(X3Σ−) could take place either via nonadiabatic (spin-orbit) transitions to the
dissociative a˜ 4B1 state, or by transitions to the vibrational continuum of the ground state,
X˜ 2B1. The dissociation into H
++OH involves B˜ → A˜ transitions. The branching ratios for
dissociation into the different channels were measured by Tan et al. 8 in combined (e,2e) and
2
(e,e+ion) experiments with electron energies of up to 60 eV. For collisional energies above
30 eV, the breakdown scheme is summarized in the following equations:8
σH2O
+
= 1.0 σ(1b1) + 1.0 σ(3a1) + 0.08 σ(1b2) (1)
σOH
+
= 0.7 σ(1b2) (2)
σH
+
= 0.22 σ(1b2) + 0.74 σ(2a1) (3)
σO
+
= 0.26 σ(2a1), (4)
which relate the total cross sections for the formation of H2O
+, H+, OH+ and O+ with
the one-electron removal cross sections, σ(m), from the valence molecular orbitals of H2O,
m = 1b1, 3a1, 1b2, 2a1. The numerical coefficients are the experimental branching ratios.
The photoelectron spectrum of water16 pointed out the main nonadiabatic transitions
that could be involved in the dissociation of H2O
+(B˜ 2B2), namely the transitions in the
conical intersection (CI) between the potential energy surfaces (PES) B˜ and A˜, and the
Renner-Teller (RT) coupling between the states A˜ and X˜. High-resolution photoelectron
spectra have been reported by Reutt et al.,17 and the structure of these spectra has been
reproduced by the multiconfiguration time-dependent Hartree calculations of Eroms et al..18
The transitions in the vicinity of the CI seam between B˜ and A˜ states have also been studied
in the surface hopping calculations of Dehareng.19
The photoelectron-photoion experiments of Powis and Reynolds 20 showed an impor-
tant rotational excitation of the fragments OD+ and OD formed in the dissociation of
D2O
+(B˜ 2B2); this excitation was attributed to the dissociation mechanism involving, as
a first step, a bending motion in which the ion approaches the region of nuclear coordi-
nates close to the B˜–A˜ CI seam. The predissociation of the B˜ state has been studied21
using ab initio potential energy surfaces but, to our knowledge, no dynamical calculation
has been carried out to determine the branching ratios to the different dissociation channels.
Recently, Harbo et al. 22 performed photoabsortion experiments to measure the lifetime of
3
H2O
+(B˜ 2B2). These authors also report the fragmentation branching ratios after the ab-
sorption of 532 nm laser light.
The present work targets the theoretical calculation of H2O
+(B˜ 2B2) fragmentation prob-
abilities by means of 3D wave packet propagations on several PESs. Both PESs and nona-
diabatic couplings have been obtained ab initio using the program Molpro.23 In particular,
we have carried out multireference configuration interaction calculations in the Cs symmetry
with 7 valence electrons in (7a’,1a”) orbitals obtained from CASSCF calculations in a space
of (10a’,1a”) orbitals constructed using the aug-cc-pvqz basis set for oxygen and aug-cc-pvtz
for hydrogen atoms.
In order to illustrate the fragmentation mechanism, we show in Figure 1(a) the cut of the
PESs as function of the bond length r2, for fixed bond angle α = 104.6
◦ and r1 = 1.788 bohr,
corresponding to the equilibrium geometry of H2O. The vertical bar indicates the extension of
the initial wave packet, obtained by a Franck-Condon (FC) transition from the H2O ground
state. The overlap between this relatively narrow initial wave function and the B˜ excited
vibrational states is very small and, therefore, above-the-barrier and tunneling dissociation
mechanisms are negligible. This suggests that the nonadiabatic transitions are responsible
for the breakdown reactions. Moreover, for this particular geometry, we observe a crossing
between the curves of states B˜ and a˜, where spin-orbit transitions can take place.
As the angle α decreases, see Figure 1(b), the potential energy curves of states B˜ and A˜
approach each other until the CI between the corresponding PESs is formed. The energy of
the A˜ state decreases rapidly as α increases, and becomes degenerate with the ground state
X˜ in the limit α = 180◦, where they are the two components of a 2Πu state.
The nonadiabatic transitions B˜ → A˜ near the CI provide an efficient mechanism for
depopulating the B˜ state and, eventually, lead to the fragmentation of the molecular ion.
Since this CI appears in the C2v symmetry (r1 = r2), we have employed the symmetry
coordinates x = (r1 + r2)/2 and y = (r1 − r2)/2 to analyze the PESs and nonadiabatic
couplings. In Figure 2 we have plotted the contour plots in the y = 0 plane of the PES of
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Figure 1: Potential energy curves of the H2O
+ system as functions of one O–H bond length
(r2), while fixing the other O–H bond (r1 = 1.788 bohr) and the ĤOH bond angle, α. (a)
α = 104.6◦; (b) α = 70◦. OH+(1), OH+(3) and OH(2) label the states OH+(1Σ+) and
OH+(3Σ−) and OH(2Π), respectively. In (a), the vertical bar indicates the extension of the
initial FC wave packet. Solid and dashed lines distinguish between Cs A’ and A” states,
respectively, while the C2v labels are used for convenience.
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these two states, and we have added the line that corresponds to the CI seam.
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Figure 2: Contour plots of the adiabatic potential energy surfaces of the states (a) B˜ 2B2
and (b) A˜ 2A1 of H2O
+, in the plane r1 = r2, as functions of the coordinate x = (r1 + r2)/2
and α, the bond angle ĤOH. The line with bullets marks the CI seam and the square in (a)
the position of the maximum of the initial wave packet.
In practice, the wave packet propagation is carried out on a set of diabatic states, assum-
ing that the nonadiabatic couplings in the diabatic basis vanish. The diabatization procedure
is particularly difficult near CIs because the nonadiabatic couplings diverge. In this work,
we have carried out an adiabatic to diabatic transformation:
H
d = U †EU ; E =

 E1 0
0 E2

 ; U =

 cosΘ − sinΘ
sinΘ cosΘ

 , (5)
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where E1,2 are the adiabatic energies and the transformation angle, Θ, is given by:
tan 2Θ =
(0.00286α2 + 0.182α + 1.54)y
(α− αCI) cos (πα′CI/180)
, (6)
with αCI(x) =
80.27x
1+0.592x
the location of the CI seam and α′CI = dαCI/dx. The numerical
coefficients in eq. 6 have been calculated by fitting the model couplings, obtained by differ-
entiating Θ(x, y, α),24 to the ab initio nonadiabatic values. We illustrate the result of this
procedure in Figure 3 by plotting several cuts of ∂Θ/∂q (q = x, y, α) and the gradient matrix
elements 〈ϕB˜|∂/∂q|ϕA˜〉, where ϕB˜,A˜ denote the electronic wave functions of B˜ and A˜ states,
respectively. With this diabatic model, the unitary transformation defined by eqs. 5 and 6
removes the singularities and the residual dynamical couplings are negligible.
1.5 2 2.5 3 3.5
x (bohr)
0.1
1
10
∂/
∂x
 
co
u
pl
in
g 
(a 0
-
1 )
1.5 2 2.5 3 3.5
x (bohr)
-20
-10
0
10
20
∂/
∂y
 
co
u
pl
in
g 
(a 0
-
1 )
70 80 90
α (deg)
0
0.1
0.2
0.3
0.4
∂/
∂α
 
co
u
pl
in
g 
(ra
d-1
)
Figure 3: Comparison between the ab initio values of the dynamical couplings 〈ϕB˜|∂/∂q|ϕA˜〉,
q = x, y, α, calculated with Molpro (•) and the derivatives ∂Θ/∂q (full lines). The left and
middle panels display the x- and y-couplings as functions of x (with y = 0.01 bohr and
α = 80◦), while the right one shows the α-coupling as a function of α (with x = 2.45 bohr
and y = 0.05 bohr).
Our treatment of A˜–X˜ transitions is based on the method of Haxton et al.,25,26 in which,
assuming a small total angular momentum, the Coriolis coupling terms are neglected and
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the body-fixed Hamiltonian has the form:26,27
H = V (R, r, θ)− ~
2
2µR
∂2
∂R2
− ~
2
2µr
∂2
∂r2
−1
2
(
1
µRR2
+
1
µrr2
)(
~2
sin θ
∂
∂θ
sin θ
∂
∂θ
− j
2
z
sin2 θ
)
(7)
where (R, r, θ) are the Jacobi coordinates, being r the O–H distance. jz is the z component of
the angular momentum operator for the rotation of the diatom OH in the body-fixed frame,
with R along the zˆ-axis. In this approximation, the nuclear wave functions are assumed to
be eigenfunctions of the body-fixed operator jz. The operator j
2
z is substituted
28 into eq. 7
by its eigenvalues, ~2k2 (k = K − Λ), which are only defined in the C∞v symmetry, where
K and Λ are the quantum numbers for the z projections of the total and electronic angular
momenta, respectively. In the present case, the electronic states A˜ 2A1, X˜
2B1 correlate,
in the limit θ → 180◦, with the two components of the 2Πu, with |Λ| = 1. In this limit,
the eigenfunctions of the z component of the electronic angular momentum operator with
Λ = ±1, ϕ±1, are linear combinations of the electronic wave functions, ϕA˜,X˜ :
ϕ±1 =
1√
2
(ϕA˜ ± iϕX˜) (8)
The non-diagonal matrix element of the potential in such diabatic representation, together
with the kinetic energy operator term k2/ sin2 θ, approximately account for the RT transi-
tions.
The dissociation probabilities have been obtained by means of nuclear wave packet propa-
gations on the diabatic electronic PESs, employing a computational method (GridTDSE)29
that is naturally suited for massive parallel calculations. This technique consists of a di-
rect numerical integration of the 3D time-dependent Schro¨dinger equation (TDSE): [H −
i~∂/∂t]Ψ(R, t) = 0 using lattice schemes.30 In order to incorporate nonadiabatic transitions,
we have modified the method by considering the wave function as a column vector Ψ with
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components {Ψi}, where i labels the different (diabatic) electronic states included. The
nuclear dynamics on each PES are now coupled through the interaction matrix elements
Hdij(R), which are: 1) the interaction matrix elements H
d
12 of eq. 5; 2) the interaction be-
tween the RT pair X˜–A˜, due to the transformation in eq. 8; 3) the spin-orbit coupling, which
has been introduced in exploratory calculations to gauge the effectiveness of the dissociation
mechanism via population of the a˜ state.
The calculations were carried out with a grid of 50 points in R ∈ [1, 7] bohr; 76 points
in r ∈ [1.3, 7] bohr and 73 points in θ ∈ [ǫ, π − ǫ] rad, with ǫ = 2 × 10−4. In such a
numerical integration scheme, the singularity at sin θ = 0 can be eluded by evaluating Ψ
on the surroundings of the troublesome points. We have included a mask function31 in the
propagation scheme to avoid nonphysical reflections in the grid walls; this mask function
leads to a smooth decay of the wave packets for R, r > 6.0 bohr. Following a procedure
similar to that of Ma et al.,32 the dissociation probabilities have been obtained by evaluating
the outgoing flux at R, r = 6.0 bohr for the adiabatic components of the wave-packet on
each electronic state. Converge test with regard to the size of the grid were performed in
exploratory two-dimensional (R, θ) calculations finding small changes (less than 5%) in the
final probabilities when the outgoing flux was evaluated at R = 10 bohr.
A possible breakdown mechanism involves transitions from B˜ to A˜, which then dissociates
into H++OH, and spin-orbit transitions to the state a˜, which dissociates into OH++H, either
directly, B˜ → a˜, or via a two-step process, B˜ → A˜ → a˜. We have carried out a 3-state
{B˜, A˜, a˜} simulation with constant spin-orbit couplings of 2 × 10−4 hartree (the ab initio
value obtained with Molpro near the crossing between the A˜ and a˜ PESs). In this 3-state
calculation, the probability of dissociating into H++OH is above 60%, while the production
of OH++H remains low (≈ 27%.), due to the small magnitude of the spin-orbit coupling
term. The main conclusion of these numerical simulations is that one has to include the
transitions into the ground electronic state X˜ in order to reproduce the experimental results
of eqs. 1–4. Accordingly, we have carried out 3-state {B˜, A˜, X˜} dynamical calculations. In
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the approximate treatment of the RT coupling explained above, the Hamiltonian depends on
the quantum number k, with k = K for the B˜ state and k = K∓ 1 for the ϕ± states defined
in eq. 8. We have followed the evolution of the nuclear wave packet with K = 0, 1, . . . , 5 and
the results are shown in Figures 4 and 5.
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Figure 4: Time evolution corresponding to K = 1 (see text) of (a) the populations of the
X˜, A˜ and B˜ electronic states of H2O
+, as indicated in the graph, and (b) the probability of
production of the different ions and radicals associated to the states of (a), with the same
color and line style code; see also Figure 1. The breakdown into OH++H has been multiplied
by 10.
In Figure 4(a), we display the time evolution of the population of the vibrational bound
states on the X˜, A˜ and B˜ PESs of H2O
+ for K = 1. According to our results, the initial
wave packet, originally at the B˜ state, rapidly reaches the CI, where nearly 100% of it is
transferred to the A˜ state within the first 7 fs. During the following 10 fs, the wave packet
evolves in the A˜ PES showing a highly-excited bending motion, until it returns to the CI at
t ≈ 20 fs; but, by that time, the wave packet has explored a broader region of the position
space, and only about 1/3 of it returns to B˜. This part of the wave function spends another
≈ 7 fs on B˜ before revisiting the CI and repopulating the A˜ electronic state. From then
on, part of the wave function is continuously being transferred to the X˜ surface by the
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Renner-Teller coupling, only efficient close to linear geometries, where the A˜ PES minimum
is located. Nevertheless, the rise of probability in X˜ above 50 fs cannot completely account
for the steady decline in both A˜ and B˜ populations, given the dissociative behavior of the
wave packet. See Supporting Information for an animation of the first 160 fs of wave packet
propagation.
Panel (b) of Figure 4 shows the probabilities of formation of the different ions and radicals,
corresponding to the asymptotic limits of the three electronic states studied (see Figure 1).
The fragmentation of H2O
+ is negligible during the first 50 fs, and starts almost simulta-
neously for both H+ and OH+ ions. The production of H++OH moderately exceeds that
of OH+(3)+H during the first 500 fs, mainly because the population of A˜ is much larger
than that of X˜, which is only fed by the RT coupling with A˜ at linear geometries. The fact
that the production of OH+ clearly dominates at longer timescales indicates that the rate
of fragmentation through the ground state X˜ is larger than that of A˜. On the other hand,
the contribution of B˜ to the production of OH+(1) is negligible at all times. The system
reaches asymptotic conditions after 10 ps, when the fragmentation probabilities are 63% for
production of OH+(3Σ−)+H and 30% for H++OH(2Π), remaining 7% of H2O
+.
The ion production has been calculated for several values of K, and the asymptotic
probabilities are presented in Figure 5. For K = 0, the RT coupling A˜ → X˜ is negligible,
and the dissociation into OH++H takes place through the spin-orbit driven transition A˜→ a˜,
which results in a dominance of H+ production. For K > 0, the dissociation through X˜ is the
dominant fragmentation channel, and the production of OH+ increases with K at expenses
of the fragmentation into H+ through A˜. On the other hand, the remaining population of
H2O
+(B˜ 2B2) does not change because it depends on the amount of the initial wave packet
under the dissociation threshold.
Our results are in good agreement with the photoionization experimental data obtained
by Tan et al.,8 included as horizontal dashed lines, given that they correspond to average
values over an unknown distribution of K values.
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Recent experimental measurements22 referred a branching ratio of 1.3 in H+/OH+ pro-
duction with dominance of H+. We attribute this discrepancy to different initial conditions:
Harbo et al. 22 excite low-lying vibrational states of H2O
+(B˜ 2B2) with a 532 nm (2.33 eV)
laser, while we start with a FC transition from the H2O ground state, simulating Tan et al.
experiments.
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Figure 5: Branching ratios for fragmentation of H2O
+ as a function of the K quantum-
number (see text). Bullets, squares and diamonds: present results. Dashed lines: experi-
mental coefficients of σ(1b2) in eqs. 1, 2 and 3.
To sum up, in this work we have implemented a wave packet, grid-based, time-propagation
scheme in several potential energy surfaces, including nonadiabatic transitions between them.
We have applied this method to study the fragmentation dynamics of H2O
+(B˜ 2B2). Four
ab initio potential energy surfaces, and the corresponding nonadiabatic couplings, have been
obtained. We have found that most of the initial wave packet in B˜ 2B2 is transferred through
a conical intersection to A˜ 2A1 within 10 fs. We have also considered the fragmentation mech-
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anism that involves spin-orbit transitions from both B˜ 2B2 and A˜
2A1 states to the repulsive
H2O
+(a˜ 4B1), but found a small ion production due to the small fraction of the wave packet
that explores the relevant crossing regions in the PESs, and the small coupling. On the other
hand, the inclusion of the Renner-Teller coupling between the A˜ 2A1 and X˜
2B1 at linear
geometries produces fragmentation branching ratios that nicely reproduce the experimental
values of Tan et al..8
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Supporting Information Available
A file is provided with an animation of the first 150 fs of wave packet propagation in the states
B˜, A˜ and X˜. The probability density is indicated with a color scale. The probabilities of
occupation of these states are also plotted as a function of time. The contour lines correspond
to the adiabatic potentials of B˜, A˜ and X˜ states (from left to right) with a constant energy
difference of 0.01 hartree. The wave packet is shown as a function of the bond angle and one
of the bond distances, r1, while it has been integrated in the remaining one.
The initial wave packet is located on the B˜ surface as a result of a Franck-Condon vertical
transition from the ground state of H2O. In under 10 fs, it is transferred diabatically from
B˜ to A˜ through the conical intersection, and lands in the A˜ electronic state far from the
equilibrium geometry (θ = 180◦). This results in a highly excited bending motion, which is
at the root of the nodal structure of the wave function regarding the bond angle degree of
freedom at t = 30 fs. The conspicuous cleavage brings most of the wave packet back to the
open angle geometry in about 25 fs, a small fraction of it crossing the CI and repopulating
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the B˜ state. The population of the X˜ electronic state is at this point suddenly boosted due
to the Renner-Teller coupling with A˜, concentrating in the vicinity of the θ = 180◦ coupling
region. From here on, there is a conversion from bending to stretching motion, leading to a
continuous dissociation in both A˜ and X˜ electronic states. This material is available free
of charge via the Internet at http://pubs.acs.org/.
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